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ABSTRACT 

Following  severe  burn  injury,  persistent  inflammation  perpetuated  by  surface  eschar,  bacterial  colonisation  and 
neutrophil  proteolytic  activity  can  impede  normal  healing  and  result  in  further  tissue  damage.  Extracorporeal 
shock  wave  treatment  (ESWT)  has  been  shown  in  the  clinical  setting  to  promote  the  healing  of  burn  and  difficult- 
to-heal  wounds;  however,  the  mechanism  is  unclear.  We  investigated  the  role  of  ESWT  on  the  early 
proinflammatory  response  using  a  severe,  full-thickness  and  highly  inflammatory  cutaneous  burn  wound  in 
a  murine  model.  Various  wound-healing  parameters  were  measured  and  leukocyte  infiltration  quantitated.  A 
panel  of  188  candidate  genes  known  to  be  involved  in  acute  inflammation  and  wound  healing  was  screened.  We 
show  that  ESWT  of  burn  wounds  1  hour  postwounding  significantly  blunts  polymorphonuclear  neutrophil  and 
macrophage  infiltration  into  the  wound.  ESWT  treatment  potently  attenuates  both  CC-  and  CXC-chemokine 
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ESWT  in  a  murine  burn  wound  model 


Key  Points 

•  successful  wound  healing  de¬ 
pends  on  tightly  regulated  hae¬ 
mostasis,  inflammation,  matrix 
synthesis,  proliferation,  wound 
contraction  and  tissue  remodel¬ 
ling 

•  it  is  clear  that  much  of  the 
tissue  damage  to  viable  tissue 
in  the  perfused  burnwound 
subsurface  and  its  margin  is 
caused  by  toxic  inflammatory 
mediators  produced  by  dam¬ 
aged  tissue  and/or  recruited 
leukocytes 

•  understanding  the  biology  of 
wound  healing  and  the  effects 
of  new  therapeutics  on  normal 
wound  healing  processes  per¬ 
mits  the  researcher  to  ascertain 
the  factors  that  contribute  to 
poor  healing.  This  knowledge  is 
critical  to  the  development  of 
future  therapeutic  molecular 
targets  and  wound-healing 
treatment  strategies 

•  extracorporeal  shock  wave  ther¬ 
apy  (ESWT)  is  one  example  of 
acoustic  energy  being  used  as 
a  means  of  improving  healing 
of  chronic  wounds 

•  the  current  investigation  was 
undertaken  to  evaluate  the 
effects  of  low-energy  shock 
waves  on  early  proinflammatory 
chemokines  and  cytokines  in 
a  murine  burn  wound  model 


expression,  acute  proinflammatory  cytokine  expression  and  extracellular  matrix  proteolytic  activity  at  the  wound 
margin.  Given  these  findings  and  the  clinical  success  of  ESWT,  we  speculate  that  ESWT  may  be  a  potential 
therapeutic  modality  to  treat  severe  wounds  wherein  excessive  inflammatory  responses  involving  increased  levels 
of  inflammatory  cells,  proinflammatory  cytokines  and  proteases  may  become  self-resolving  allowing  wound 
healing  to  progresses  by  way  of  normal  physiological  repair  processes. 

Key  words:  Bums  •  Chemokines  •  Extracorporeal  shock  wave  therapy  •  Inflammation  •  Wound  healing 


INTRODUCTION 

Wound  healing  is  a  dynamic  process  that 
progresses  in  an  orderly  fashion  to  restoration 
of  tissue  function  and  integrity  Successful 
wound  healing  depends  on  tightly  regulated 
haemostasis,  inflammation,  matrix  synthesis, 
proliferation,  wound  contraction  and  tissue 
remodelling.  The  failure  to  progress  through 
these  physiological  phases  of  wound  healing 
leads  to  chronicity  (1-4).  It  is  clear  that  much  of 
the  tissue  damage  to  viable  tissue  in  the 
perfused  burn  wound  subsurface  and  its  margin 
is  caused  by  toxic  inflammatory  mediators 
produced  by  damaged  tissue  and/or  recruited 
leukocytes  (5-10).  Although  an  early  inflamma¬ 
tory  response  is  required  for  healing,  over¬ 
production  of  mediators  can  result  in  increased 
capillary  permeability  and  further  tissue  dam¬ 
age  beyond  that  of  the  primary  insult.  Under¬ 
standing  the  biology  of  wound  healing  and  the 
effects  of  new  therapeutics  on  normal  wound¬ 
healing  processes  permits  the  researcher  to 
ascertain  the  factors  that  contribute  to  poor 
healing.  This  knowledge  is  critical  to  the  deve¬ 
lopment  of  future  therapeutic  molecular  targets 
and  wound-healing  treatment  strategies. 

Advances  in  the  understanding  of  wound 
care  biology  have  led  to  therapeutic  refinements 
aimed  at  abrogating  the  chronic  inflammatory 
state  and  excessive  protease  activity  and  pro¬ 
moting  angiogenesis,  fibroblast  proliferation 
and  keratinocyte  migration.  Recent  develop¬ 
ments  in  wound-dressing  technology,  utilisa¬ 
tion  of  topical  growth  factors  and  protease 
inhibitors,  application  of  bioengineered  skin 
equivalents,  and  administration  of  therapeutic 
ultrasound  and  acoustic  pressure  waves  show 
promise  in  treating  challenging  difficult-to-heal 
as  well  as  chronic  wounds  (11-15).  Extracorpo¬ 
real  shock  wave  therapy  (ESWT)  is  one  example 
of  acoustic  energy  being  used  as  a  means  of 
improving  healing  of  chronic  wounds.  We  and 
others  have  completed  clinical  trials  that  show 
unfocused  low-energy  shock  wave  therapy  is 
a  feasible  modality  for  a  variety  of  complicated, 
non  healing  soft  tissue  wounds,  particularly 


posttraumatic  and  postoperative  wounds,  de¬ 
cubitus  ulcers  and  burns  (13).  In  our  study 
population,  the  use  of  unfocused,  low-energy 
ESWT  on  a  large  population  of  patients  with 
acute  and  chronic  soft  tissue  wounds  was 
associated  with  complete  closure  of  the  majority 
of  wounds.  Although  the  precise  mechanism  of 
shock  wave  therapy  remains  unclear,  prelimi¬ 
nary  findings  in  both  acute  and  chronic  wounds 
supporting  the  ability  of  a  mechanical  stimulus 
to  exert  a  biological  effect  serves  as  the  basis  for 
the  present  investigation. 

Before  commencing  with  these  studies,  we 
hypothesised  that  low-energy  therapeutic  acous¬ 
tic  pressure  waves  may  promote  wound  healing 
by  optimising  the  cellular  and  molecular  micro¬ 
environment,  particularly  the  local  chemokine 
landscape. 

With  the  understanding  that  a  severe  burn 
injury  can  lead  to  a  persistent  inflammatory 
state  perpetuated  by  surface  eschar,  bacterial 
colonisation,  increased  leukocyte  infiltration 
and  heightened  protolytic  activity,  the  current 
investigation  was  undertaken  to  evaluate  the 
effects  of  low-energy  shock  waves  on  early 
proinflammatory  chemokines  and  cytokines  in 
a  murine  burn  wound  model.  Our  data  show 
significant  changes  in  acute  early  proinflamma¬ 
tory  mediators  [chemokines,  cytokines  and 
early  tissue  remodelling  matrix  metalloprotei- 
nases  (MMPs)]  within  the  burn  wounds,  which 
are  related  to  reduced  local  leukocyte  (neutro¬ 
phil  and  macrophage)  infiltration. 

MATERIALS  AND  METHODS 
Animals 

Seven  to  8-week-old  female  BALB/  c  mice  were 
purchased  from  The  Jackson  Laboratory  (Bar 
Harbor,  ME)  and  maintained  at  the  Walter  Reed 
Army  Institute  of  Research  (WRAIR,  Silver 
Spring,  MD)  animal  facility,  which  is  accredited 
by  the  Association  for  the  Assessment  and 
Accreditation  of  Laboratory  Animal  Care  Inter¬ 
national.  All  procedures  were  conducted  using 
facilities  and  protocols  approved  by  the  Animal 
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Care  and  Use  Committee  of  WRAIR  (protocol 
K06-005).  Mice  were  housed  five  animals  per 
cage  before  any  treatment  and  individually 
caged  postburn  injury  in  standard  microisolator 
polycarbonate  caging.  Mice  were  used  for 
experimentation  at  10-14  weeks  of  age.  Animal 
rooms  were  maintained  at  21  ±  2°C  with 
50  ±  10%  humidity  on  a  12-hours  light /dark 
cycle.  Commercial  rodent  ration  (Harlan  Teklad 
Rodent  Diet  8604)  was  available  freely,  as  was 
acidified  (pH  =  2-5)  water  to  control  opportu¬ 
nistic  infections. 

Experimental  design 

At  10  weeks  of  age,  mice  received  a  15%  total 
body  surface  area  (TSBA)  full-thickness  dorsal 
burn,  and  the  wounds  were  either  untreated  or 
treated  with  ESWT  (200  impulses)  1  hour 
postwounding.  Two  sets  of  experiments  were 
conducted;  one  (20  experimental  and  control 
animals  each)  was  for  assessment  of  survival 
rate,  macroscopic  wound  closure  and  immu- 
nopathological  analysis  of  the  wound  site. 
Photographs  of  wounds  in  the  presence  of  a 
scaled  ruler  were  taken  with  a  digital  Fuji 
Finepix  Camera.  Images  of  wounds  were  im¬ 
ported  into  Adobe  Photoshop  CS2  (Adobe 
Systems,  San  Jose,  CA)  for  reproduction  and 
wound  area  determination.  For  quantification 
of  wound  area,  raw  digital  files  were  imported 
into  NIH  ImageJ  software  (vl  *37)  for  process¬ 
ing  and  planimetry  was  used  to  calculate 
wound  surface  area.  Mice  were  euthanized  by 
C02  inhalation  followed  by  cervical  disloca¬ 
tion  at  days  10, 14, 21  and  28  postwounding  for 
tissue  acquisition  (n  =  5  animals  per  strain  at 
each  time  point  in  both  the  control  and  the 
ESWT  treatment  group).  Wound  sites  and 
adjacent  normal  skin  were  excised,  fixed  with 
4%  formaldehyde  in  a  buffered  zinc  solution 
(Z-fix),  embedded  in  paraffin  and  sectioned. 
After  deparaffinization  and  rehydration,  5-pm 
sections  were  washed  (3x)  with  phosphate- 
buffered  saline  and  stained  with  haematoxylin 
and  eosin  (H&E)  or  Mason's  trichrome  to 
visualise  blood  vessel  density  per  high-power 
field  at  x200  magnification  across  the  entire 
wound  bed.  Planimetry  of  H&E-stained  sec¬ 
tions  was  used  to  calculate  morphometrical 
data,  such  as  the  distance  the  epithelium  had 
traversed  over  the  open  wound  (degree  of  re- 
epithelialisation),  the  area  of  open  wound 
(epithelial  gap)  and  the  percentage  of  wound 
closure.  Lateral  wound  margins  were  deter¬ 


mined  by  (a)  the  presence  of  intact  hair  follicles 
and  organised  epidermis  and  dermis  com¬ 
pared  with  few  or  no  hair  follicles,  (b)  altered 
epidermal /dermal  organisation  and  (c)  the 
disorganisation  of  collagen  fibres  at  wound 
edges  and  within  the  wound. 

In  the  second  set  of  experiments,  control  and 
ESWT-treated  animals  (n  =  8  per  group)  were 
terminated  at  4  and  24  hours  postwounding. 
Wounds  and  surrounding  normal  skin  tissue 
were  excised.  Immunohistochemistry  assess¬ 
ments  were  performed  for  leukocyte  infiltration 
at  the  wound  margin  and  in  the  wound  bed. 
RNA  isolated  from  the  wound  margin  was 
screened  (TaqMan®  RT-PCR)  against  a  panel  of 
184  known  inflammatory  mediators,  chemo- 
kines,  cytokine  and  MMPs  known  to  play  a  role 
in  early  wound  healing. 

Burn  wound  model 

Mice  were  anaesthetised  using  isoflurane  inha¬ 
lation.  After  shaving  the  dorsum,  the  exposed 
skin  was  washed  gently  with  room  temperature 
sterile  water  and  prepped  with  Betadine  (a  10% 
povidone-iodine  solution  for  skin  disinfection). 
The  Betadine  solution  from  the  prepared  area 
was  wiped  off  using  three  series  of  sponge 
gauzes  containing  70%  isopropyl  alcohol.  Using 
a  surgical  skin  marker,  a  12-5-mm-diameter 
circular  area  along  the  paramedian  dorsal  re¬ 
gion  was  outlined.  A  full-thickness  burn  (~15% 
total  body)  was  introduced  with  electrocautery 
bovie  (370-400°C  for  1*5  seconds;  Bovie  Aaron 
Medical,  St.  Petersburg,  FL).  This  protocol 
causes  a  well-demarcated,  full-thickness,  anaes¬ 
thetic  injury  that  is  non  lethal  (<0-5%  mortality). 
Wounds  became  covered  with  inflammatory 
eschar  and  no  evidence  of  infection  was  evident 
macroscopically.  Wounds  were  treated  with 
bacitracin  (applied  topically)  immediately  after 
wounding,  left  uncovered  and  allowed  to 
dessicate.  Once  mice  recovered  from  anaesthe¬ 
sia,  they  were  placed  alone  in  separate  cages  and 
maintained  under  standard  conditions  in  the 
animal  facility  (as  described  above).  Buprenor- 
phine  (Reckitt  Benckiser  Pharmaceuticals,  Rich¬ 
mond,  VA)  was  given  subcutaneously  twice 
a  day  (0.1  mg  /kg)  on  postoperative  days  1  and  2 
for  pain  management.  No  topical  wound  care 
was  provided  aside  from  the  aforementioned 
bacitracin. 

ESWT  treatment 

One  hour  postburn,  mice  were  anaesthetised 
briefly  using  isoflurane  inhalation.  A  liberal 


Key  Points 

•  mice  were  used  for  experimen¬ 
tation  at  10-14  weeks  of  age 
•at  10  weeks  of  age,  mice 
received  a  15%  total  body 
surface  area  (TSBA)  full-thickness 
dorsal  burn,  and  the  wounds 
were  either  untreated  or  treated 
with  ESWT  (200  impulses)  1  hour 
post  wounding 
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amount  of  bacitracin  ointment,  which  we  have 
found  serves  well  as  a  conductive  gel,  was 
applied  directly  to  the  burn  wound  and  the 
adjacent  area.  The  unfocused  lens  of  the 
DermaGold™  (Tissue  Regeneration  Technolo¬ 
gies,  LLC,  Woodstock,  Georgia)  shock  wave 
applicator,  which  comprises  a  parabolic  reflec¬ 
tor,  was  gently  placed  directly  on  the  ointment- 
covered  wound  and  treated  with  200  impulses 
(energy  level  0-1  mj/mm2,  frequency  5  pulses 
per  second)  for  all  treatments.  The  parabolic 
reflector  permits  a  large  treatment  area  to  be 
stimulated  by  the  acoustical  field.  ESWT 
treatment  lasted  approximately  45  seconds. 
Following  treatment,  the  excess  bacitracin  was 
removed  carefully  using  sterile  gauze.  No 
dressing  was  applied.  Sham-treated  wounds 
were  treated  identically;  however,  no  shock 
wave  impulses  were  administered. 

RNA  extraction 

Total  RNA  was  extracted  from  skin  excised  from 
the  wound  margin  and  stored  in  RNALater 
(Ambion,  Austin,  TX).  Briefly,  skin  tissue  was 
homogenised  using  Trizol  reagent  (Invitrogen, 
Carlsbad,  CA)  and  total  RNA  was  isolated  using 
Qiagen  RNeasy  Lipid  Tissue  Mini  Kit  (QIAGEN 
Inc.,  Valencia,  CA)  according  to  manufacturer's 
instructions.  Wound  margin  RNAs  were  resus¬ 
pended  in  30  pi  of  10  mM  Tris  buffer,  pH  7-5. 
Sample  purity,  quantity  and  quality  were 
assessed  by  determining  the  A260/280,  A260/23o 
ratio  on  an  Nanodrop  Spectrophotometer 
(NanoDrop  Technologies  Inc.,  Wilmington, 
DE)  and  by  measuring  28S/18S  ribosomal 
RNA  ratio  and  RNA  integrity  number  using 
an  Agilent  2100  Bio  Analyzer  (Agilent  Technol¬ 
ogies  Inc.,  Santa  Clara,  CA).  Agilent  RNA 
integrity  values  for  all  sampled  wound  speci¬ 
mens  in  this  study  were  greater  than  equal  to 
8-5.  Reverse  transcription  was  performed  with 
Roche  1st  Strand  Synthesis  Kit  (Roche  Diagnos¬ 
tics  Corporation,  Indianapolis,  IN).  Briefly, 
2-5  pg  sample  RNA  was  added  to  a  master 
mix  containing  1  x  reaction  buffer,  5  mM  MgCl2, 
1  mM  deoxynucleotide  mix,  6-4  jig  random 
primers,  100  units  RNase  inhibitor  and  40  units 
avian  myeloblastosis  virus  (AMV)  reverse 
transcriptase.  Ten  millimolars  of  Tris  buffer, 
pH  7-5  was  used  to  reach  40  |il  final  reaction 
volume.  Then,  final  reaction  mixture  was  sub¬ 
jected  to  a  single  reverse  transcription  cycle  of 
25°C  for  10  minutes,  42°C  for  60  minutes,  99°C 
for  5  minutes  and  4°C  for  at  least  10  minutes. 


Real-time  quantitative  polymerase 
chain  reaction  gene  profiling  for 
proinflammatory  transcripts 

Quantitative-real-time  polymerase  chain  reac¬ 
tion  (RT-PCR)  was  performed  using  the  ABI 
Prism  7900HT  Sequence  Detection  System 
(Applied  Biosystems,  Foster  City,  CA).  Custom 
designed  'Wound  Repair'  TaqMan  low-density 
array  (TLDA)  cards  (Applied  Biosystems)  were 
used  to  assess  gene  expression.  The  set  of  TLDA 
cards  comprise  188  individual  target  assays 
[including  respective  forward  and  reverse  pri¬ 
mers  and  a  dual-labelled  probe  (5'-6-FAM;  3'- 
MGB)]  in  quadruplicate  on  a  384  well  card  (96 
genes  per  card).  Amplification  parameters  were 
as  follows:  one  cycle  of  50°C  for  2  minutes  and 
95°C  for  10  minutes  followed  by  40  cycles  of 
95°C  for  30  seconds  and  60°C  for  1  minute.  Two 
samples  were  processed  on  each  card. 

RT-PCR  data  analysis 

RT-PCR  data  were  analysed  using  the  Sequence 
Detection  System  version  21  included  with  the 
ABI  Prism  7900HT  SDS  or  using  Microsoft 
Excel.  The  threshold  cycle  (Ct)  for  each  sample 
was  manually  set  to  0-2  and  the  baseline  was  set 
between  3  and  15  cycles.  18S  ribosomal  RNA 
was  used  as  an  endogenous  housekeeping 
control  for  normalisation,  and  the  comparative 
Ct  method  was  used  to  calculate  the  relative  fold 
expression  by  2~AACt.  Assays  with  Ct  values 
greater  than  35  cycles  were  excluded  from 
analysis  (16,17). 

Immunohistochemical  studies 

For  histological  analysis,  the  wound  area 
(including  the  eschar  and  a  5-10  mm  of  epithe¬ 
lial  margin)  was  excised.  As  a  control,  a  similar 
amount  of  skin  was  taken  from  the  dorsum  of 
normal  uninjured  mice.  Skin  samples  were  fixed 
with  4%  buffered  formalin,  embedded  in  paraf¬ 
fin  and  sectioned.  For  quantification  of  myelo¬ 
peroxidase  (MPO)-positive  neutrophils  and  F4/ 
80  macrophages,  skin  sections  were  incubated 
with  rabbit  anti-MPO  (1:100  dilution,  citrate 
buffer  epitope  retrieval  boiling  20  minutes;  Neo 
Markers,  Freemont,  CA)  or  rat  antimouse 
F4/80  antigen  (1:50  dilution,  proteinase  K  pre¬ 
treatment,  clone  CI:A3-1,  Serotec  Inc.,  Raleigh, 
NC),  respectively.  Subsequently,  the  sections 
were  reacted  with  appropriate  biotinylated 
secondary  antibodies  and  visualised  using 
a  streptavidin-biotin-peroxidase  staining  kit 
(Vector  Laboratories,  Burlingame,  CA)  according 
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to  the  manufacture's  instructions.  The  sections 
were  developed  using  3,  3'-chaminobenzidine  as 
a  chromogen  (Sigma,  St.  Louis,  MO,  USA).  Slides 
were  counterstained  with  haematoxylin  and 
cover  slipped  with  a  permanent  mounting 
medium  (Per mount;  Fisher  Scientific,  Waltham, 
MA,  USA).  A  total  of  five  random  fields  from 
three  epidermal  regions  were  examined,  which 
included  the  wound  site,  the  region  adjacent  to 
the  wound  and  a  region  far  from  the  wound  site. 
The  number  of  MPO-  and  F4/80-labelled  cells 
per  field  at  x400  was  determined.  Images  were 
photographed  using  a  BX50  Olympus  micro¬ 
scope  equipped  with  an  Insight  Firewire  Spot 
Color  Camera  and  Spot  4-6  photographic  and 
analysis  software  (Diagnostic  Instruments,  Inc., 
Sterling  Heights,  MI). 

Statistics 

Statistical  analysis  of  variance  was  used  to 
analyse  the  data  and  Mann-Whitney  U  test 
was  used  to  determine  the  level  of  significance 
of  differences  in  sample  means  (GraphPad 
PRISM  4-0).  A  P  value  less  than  0  05  was 
considered  significant. 

RESULTS 

A  single  ESWT  treatment  has  no 
adverse  effect  on  the  rate  of  severe 
burn  wound  closure 

The  areas  of  open  wounds  were  measured  at  1, 7, 
14,  21  and  28  days  after  wounding  to  assess 
macroscopic  healing  defects  (Figure  1A,  B).  The 
rate  of  macroscopic  wound  closure  contraction. 


the  degree  of  subeschar  keratinocyte  migration, 
rate  of  wound  re-epithelialisation  and  granula¬ 
tion  development  did  not  significantly  differ 
between  untreated  and  ESWT  treated  following 
a  15%  TBSA  severe  dorsal  burn  (data  not  shown). 

ESWT-treated  burn  wounds  display 
significantly  reduced  inflammatory 
cell  infiltrate 

Understanding  the  effects  of  ESWT  on  the 
regulation  of  leukocyte  migration  in  wound 
healing  is  important  because  neutrophil  infiltra¬ 
tion  particularly  in  the  surface  exudate  of  burn 
wounds  results  in  increased  damage  to  viable 
tissue.  These  deleterious  effects  are  mediated 
through  polymorphonuclear  (PMN)  proteases 
and  oxidants  and  PMN  consumption  of  oxygen, 
which  can  result  in  either  delayed  healing  or 
persistent  wounds.  The  number  of  infiltrating 
leukocytes  were  significantly  reduced  in  ESWT- 
treated  mice  (Figures  2  and  3). 

Immunohistochemical  techniques  were  used 
to  enumerate  the  numbers  of  neutrophils  and 
macrophages  that  migrated  outside  the  blood 
vessels  into  the  wound  tissues  based  on 
membrane  expression  of  MPO  and  F4/80, 
respectively,  at  4  and  24  hours  after  burn  injury 
(Figure  3).  A  significant  reduction  (60-68%, 
P  <  0  05)  of  MPO+  neutrophils  infiltrating  the 
wound  margin  and  central  wound  bed  was 
identified  at  24  hours  following  burn  injury. 
Infiltrating  F4/80  macrophages  within  the 
wound  bed  were  reduced  significantly  4  hours 
postburn  (P  <  0-05).  A  significant  reduction 


Key  Points 

•  a  single  ESWT  treatment  has  no 
adverse  effect  on  the  rate  of 
severe  burn  wound  closure 

•  ESWT-treated  burn  wounds  dis- 
playsignificantly  reduced 
inflammatory  cell  infiltrate 


Figure  1.  Macroscopic  changes  in  wound  healing  in  untreated  and  extracorporeal  shock  wave  treatment  (ESWT)-treated  severe 
third-degree  full-thickness  burn  wounds.  (A)  Representative  photographs  of  the  wound  sites  at  the  indicated  time  postinjury. 
(B)  Changes  in  the  total  wound  area  during  the  evaluation  interval.  Values  represent  the  mean  ±  standard  error  of  the  mean; 
□  untreated  and  ■  ESWT  treated  (n  =  5  animals  per  group). 
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Key  Points 

•  ESWT  treatment  is  associated 
with  global  suppression  of 
chemokines,  proinflammatory 
cytokines  and  MMPs 

•  these  results  strongly  suggest 
that  ESWT  treatment  after  an 
acute  inflammatory  burn  injury 
significantly  down  regulates  the 
expression  potent  neutrophil  and 
macrophage  chemo-attractants, 
acute-phase  cytokines  and  sev¬ 
eral  key  metalloproteinases 
involved  in  basement  mem¬ 
brane  degradation  remodelling 


Untreated  ESWT  treated 


Figure  2.  Histological  sections  of  wounded  skin  from  untreated  and  extracorporeal  shock  wave  treatment-treated  BALB/c  mice  at 
(A)  4  hours  and  (B)  24  hours  after  full-thickness  third-degree  burn  injury.  Neutrophils  were  detected  in  haematoxylin-  and  eosin- 
stained  sections  (original  magnification,  x600). 


(55-66 %,P  <  0-05)  ofF4/80  macrophages  at  the 
wound  margin  and  within  the  wound  bed  was 
shown  at  24  hours  following  burn  injury.  Thus, 
ESWT  treatment  resulted  in  reduced  wound  in¬ 
filtration  of  both  neutrophils  and  macrophages. 

ESWT  treatment  is  associated  with 
global  suppression  of  chemokines, 
proinflammatory  cytokines  and  MMPs 

Neutrophils  and  macrophages  in  the  initial 
inflammatory  phase  of  healing  are  major  sour¬ 
ces  of  cytokines,  chemokines,  growth  factors 
and  mediators  that  can  promote  as  well  as  im¬ 
pair  wound  healing.  Because  inflammatory  cell 
recruitment  was  markedly  reduced  in  ESWT- 
treated  wounds,  we  examined  the  expression  of 
chemokines,  proinflammatory  cytokines  and 
MMPs.  Skin  obtained  from  the  wound  margin 
was  collected  at  4  and  24  hours  postburn  injury. 
Skin  from  untreated  versus  ESWT-treated 
wounds  were  examined  by  quantitative  RT- 
PCR  for  the  level  of  188  gene  transcripts,  which 
have  been  shown  to  be  key  factors  involved  in 
the  early  wound  reparative  response  including 
leukocyte  infiltration,  acute-phase  cytokines, 
chemokines,  adhesion  molecules  and  MMPs. 

A  significant  greater  than  fivefold  increase  in 
the  expression  of  chemokines  and  proinflamma¬ 
tory  cytokines  was  shown  4  hours  postbum  in 
untreated  mice.  This  increase  in  CCL2,  CCL7, 
CXCL2,  CXCL5,  CXCL28,  IL-ip,  IL-6,  PGE2s, 


early  growth  response  gene,  NFKp-Ras-like  pro¬ 
tein-2,  FGF-1,  IFN  P,  E-selectin  and  P-selectin  gene 
expression  after  injury  in  untreated  wounds  was 
significantly  decreased  in  ESWT-treated  wounds 
(Figure  4,  n  =  4  per  group  per  time  point). 

Expression  levels  of  all  other  upregulated 
(greater  than  threefold  expression  when  com¬ 
pared  with  naive  skin)  gene  transcripts  (agio- 
poietin-4,  BMP-15,  CXCL20,  procollagen,  G-CSF, 
GM-CSF,  CXCL1,  CXCL13,  IL-10,  integrin 
alpha-5,  IL-18,  LIF,  PDGFa,  oncostain  M-recep- 
tor,  signal  transducer/ activator  of  transcription- 
3,  TIMP-1,  TNF-oc  and  TNFR5)  were  similar 
between  the  untreated  and  the  ESWT-treated 
wounds  4  hours  postinjury. 

We  next  examined  the  levels  of  gene  transcripts 
at  24  hours  postinjury  (Figure  4,  n  =  4  per  group). 
CCL  and  CXCL  chemokine  transcript  levels  were 
significantly  reduced  in  ESWT-treated  wounds. 
Similarly,  transcripts  for  proinflammatory  cyto¬ 
kines  IFNP,  IL-ip,  IL-6,  IL-10  and  TNFR5,  as 
well  as  tissue  remodelling  wound  MMPs  (MMP-3, 
MMP-9  and  MMP-13)  and  the  endogenous  MMP 
inhibitor  TIMP-1,  were  markedly  reduced  in 
ESWT-treated  wounds.  Reduced  CD  14,  PGE2s, 
nitric  oxide  synthase  (NOS-2)  and  Lipopoly sac¬ 
charide  (LPS)-binding  protein  transcript  levels 
in  the  ESWT-treated  wounds  were  consistent 
with  our  immunohistochemical  results  showing 
decreased  macrophage  infiltration.  These  results 
strongly  suggest  that  ESWT  treatment  after  an 
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Key  Points 

•  ESWT  treatment  significantly 
reduced  the  number  of  both 
infiltrating  neutrophils  and 
macrophages  after  a  1 5%  TBSA 
thermal  injury 

•  furthermore,  expression  of 
proinflammatory  cytokines,  che- 
mokines  and  MMPs  produced 
by  cells  at  the  wound  site  were 
globally  suppressed 
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Figure  3.  Quantification  of  (A)  MP0+  neutrophil  and  (B)  F4/80+  macrophage  inflammatory  cell  infiltration  at  4  hours  and 
24  hours  postburn  injury.  Values  represent  the  mean  ±  standard  error  of  the  mean  number  of  infiltrating  cells  per  high-power  field 
(hpf)  (x400)  at  the  wound  margin  and  in  the  central  wound  bed;  □  untreated,  ■  extracorporeal  shock  wave  treatment  treated 
(n  =  5  animals  per  group  per  time  point;  three  to  ten  fields  in  each  area  on  three  sections  per  wound  were  analysed).  Mann- 
Whitney  U  test  was  used  to  determine  the  level  of  significance  of  differences  in  sample  means.  *P  <  0-05,  ESWT-treated  compared 
to  sham-treated  burn  wounds. 


acute  inflammatory  burn  injury  significantly 
downregulates  the  expression  of  potent  neutrophil 
and  macrophage  chemoattractants,  acute-phase 
cytokines  and  several  key  metalloproteinases 
involved  in  basement  membrane  degradation 
remodelling.  In  turn,  the  decreased  chemokine 
expression  may  be  responsible  for  the  observed 
decrease  in  leukocyte  infiltration. 

DISCUSSION 

In  this  study,  we  investigated  the  effect  of  ESWT 
on  full-thickness  cutaneous  open  burn  wound 


healing  by  examining  the  early  proinflammatory 
response  to  wounding,  the  profile  of  leukocyte 
infiltration  in  a  highly  inflammatory  injury  and 
the  differential  gene  expression  of  proinflamma¬ 
tory  cytokines,  chemokines  and  MMPs  immedi¬ 
ately  following  severe  tissue  damage.  ESWT 
treatment  significantly  reduced  the  number  of 
both  infiltrating  neutrophils  and  macrophages 
after  a  15%  TBSA  thermal  injury.  Furthermore, 
expression  of  proinflammatory  cytokines,  che¬ 
mokines  and  MMPs  produced  by  cells  at  the 
wound  site  were  globally  suppressed. 
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Key  Points 

•  wound  healing  is  a  well- 
orchestrated  interplay  between 
key  effector  cells  (neutrophils, 
macrophages,  lymphocytes  and 
fibroblasts),  soluble  mediators 
which  affect  various  cell  types, 
extracellular  matrix  synthesis 
and  remodelling  in  the  wound 
environment 

•  although  the  onset  of  inflam¬ 
mation  is  a  requisite  part  of 
healing,  excessive  production  of 
mediators  of  inflammation  fol¬ 
lowing  burn  injury,  especially 
proteases  and  oxidants,  can 
cause  additional  capillary  endo¬ 
thelial  and  skin  damage  in 
otherwise  viable  tissue 

•  although  this  transition  from 
acute  to  chronic  wound  are  not 
completely  elucidated,  it  ap¬ 
pears  that  disturbances  in  the 
inflammatory  and  proliferative 
phases  by  elevated  chemokine 
and  inflammatory  cytokine 
synthesis  and  dysregulated  neu¬ 
trophil  and  macrophage  migra¬ 
tion  are  contributory  to  delayed 
healing  in  acute  wound  repair 


Figure  4.  The  analysis  of  chemokine,  proinflammatory  cytokine  and  matrix  metalloproteinases  gene  expression  at  burn  wound 
margins  of  untreated  and  extracorporeal  shock  wave  treatment  (ESWT)-treated  BALB/c  mice.  Quantitative  RT-PCR  was  performed  as 
described  in  the  Material  and  Methods  and  representative  results  from  two  independents  experiments  are  shown.  The  ratios  of 
genes  to  18S  at  the  wound  margin  of  untreated  (□)  and  ESWT-treated  mice  (■)  at  4  hours  (panel  I)  and  at  24  hours  (panel  II) 
postburn  injury  were  determined.  Each  value  represents  the  mean  ±  standard  error  of  the  mean  (n  =  4)  versus  uninjured  skin  of 
BALB/C  (*P  <  0-05  versus  untreated  skin). 


Wound  healing  is  a  well-orchestrated  inter¬ 
play  between  key  effector  cells  (neutrophils, 
macrophages,  lymphocytes  and  fibroblasts), 
soluble  mediators  which  affect  various  cell 
types,  extracellular  matrix  synthesis  and  remod¬ 
elling  in  the  wound  environment.  Under  normal 
healing  conditions,  these  dynamic  processes  are 
allowed  to  proceed  unperturbed  through  piv¬ 
otal  phases  of  healing  and  complete  wound 
closure  ensues  in  a  timely  and  orderly  manner, 
manifesting  typically  as  a  scar  in  the  adult.  The 
inflammatory  and  subsequent  proliferative 
phase  of  wound  healing  occur  in  a  temporal 
sequence  and  is  regulated  precisely  by  inflam¬ 
matory  cytokines  and  chemokines  (18).  When 
this  complex  biology  is  disrupted  by  co-existing 
disease,  pharmaceuticals  or  by  the  presence  of 
wounds  exceeding  the  ability  of  these  repair 
mechanisms,  the  normal  pattern  of  wound 


repair  fails  and  a  chronic  inflammatory  state  is 
created  that  further  impairs  healing.  Although 
the  onset  of  inflammation  is  a  requisite  part  of 
healing,  excessive  production  of  mediators  of 
inflammation  following  burn  injury,  especially 
proteases  and  oxidants,  can  cause  additional 
capillary  endothelial  and  skin  damage  in  other¬ 
wise  viable  tissue  (6,8,9).  Similarly,  the  failure  to 
suppress  early  proinflammatory  responses  is 
often  used  to  explain  how  difficult-to-heal 
wounds  develop  and  fail  to  heal  (1-3,19-23). 
Although  this  transition  from  acute  to  chronic 
wound  are  not  completely  elucidated,  it  appears 
that  disturbances  in  the  inflammatory  and 
proliferative  phases  by  elevated  chemokine 
and  inflammatory  cytokine  synthesis  and  dys¬ 
regulated  neutrophil  and  macrophage  migra¬ 
tion  are  contributory  to  delayed  healing  in  acute 
wound  repair  (4,19).  Whether  this  aberrant 
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inflammatory  milieu  governs  delayed  wound 
healing  or  is  simply  an  indicator  of  errant 
biology  remains  to  be  defined;  however,  there 
is  some  evidence  to  suggest  a  bystander  effect  of 
elevated  chemokine  expression  directly  impair¬ 
ing  wound  repair  mechanisms  (24). 

ESWT  has  been  shown  to  contribute  to 
complete  wound  healing  in  a  variety  of  chronic, 
large  and  difficult-to-heal  wounds  including 
burns,  ischaemic,  stasis  and  pressure  ulcers,  as 
well  as  traumatic  and  postoperative  wounds 
(13).  In  addition,  ESWT  is  often  used  at  higher 
dose  intensities  to  treat  fracture  non  unions, 
which  highlights  the  broad  spectrum  of  biolog¬ 
ical  effects  of  an  applied  physical  energy  pro¬ 
duced  by  this  technology.  The  effect(s)  and 
molecular  mechanism(s)  of  ESWT  remain  to  be 
determined;  however,  it  is  speculated  that  the 
acoustic  energy  generated  by  ESWT  perturbs  cell 
membranes  and  alters  membrane  potentials  that 
induce  cell-signalling  effects  (25).  The  results 
reported  in  the  present  study  are  the  first  to  show 
the  effects  of  ESWT  in  altering  the  cellular  and 
molecular  environment  involved  with  proin- 
flammatory  wound-healing  processes. 

In  comparison  to  incisional  and  excisional 
wounds,  a  large  full-thickness  burn  wound  is 
extremely  inflammatory.  Early  release  of  inflam¬ 
matory  mediators,  oxidants  and  increased  pro¬ 
teolytic  activity  in  a  severe  burn  injury  is 
well  established  (26).  Moreover,  the  prolonged 
presence  of  eschar  (without  excision  of  non 
viable  tissue)  with  a  dessicated  wound  surface 
impedes  delivery  of  nutrients  and  immune  cells 
to  the  wound  bed  but  also  markedly  retards  the 
ability  of  keratinocytes  to  migrate  across  the 
wound  surface.  It  has  been  shown  that  kerati¬ 
nocytes  require  a  moist  environment  (occlusive 
dressing)  to  migrate  across  a  wound.  On  the 
contrary,  inflammation  and  re-epithelialisa- 
tion  processes  are  significantly  prolonged  on 
a  dessicated  wound,  as  migrating  keratinocytes 
must  burrow  beneath  the  eschar  using  con¬ 
trolled  release  of  proteases  (27).  Collectively, 
these  findings  provide  a  clear  rationale  for 
investigations  such  as  ours  using  a  severe  burn 
wound  model  to  evaluate  the  effects  of  ESWT  on 
early  wound-healing  processes. 

The  predominant  role  of  leukocyte  migration 
and  ensuing  inflammatory  mediator  production 
is  intrinsic  to  wound  healing,  which  is  a  balance 
between  inflammatory  and  counterinflamma- 
tory  responses  (7,18,28).  Early  migration  of 
neutrophils  to  the  wound  surface  correlates  with 


the  expression  of  CXCL  chemokines  such  as  IL-8 
(CXCL8)  and  GROoc  (CXCL1).  Twenty-four  to 
96  hours  following  wounding  expression  of 
CCL  chemokines  such  as  MCP-1  (CCL2)  pre¬ 
dominate  and  stimulate  local  macrophage  infil¬ 
tration.  By  day  4  of  healing  wound  macrophages 
begin  to  diminish  and  lymphocyte  migration 
predominates,  driven  initially  by  CCL2  then  by 
CXCL9  (Mig)  and  CXCL10  (IP-10)  expression. 
We  show  that  the  early  application  of  a  single 
ESWT  treatment  impairs  leukocyte  migration 
and  global  expression  of  proinflammatory  cyto¬ 
kines,  chemokines  and  MMPs.  The  wide  ranging 
and  substantial  downregulation  of  both  the  CCL 
and  the  CXCL  families  of  chemokines  evident  in 
this  study  is  striking  and  suggests  a  generalised 
antiinflammatory  effect  of  ESWT  in  severe  dry 
open  burn  wounds.  This  is  highly  relevant  as 
chemokine  expression  has  been  shown  to  be 
highly  interdependent;  for  example,  deletion  of 
MCP-1  promotes  expression  of  IL-ip,  MIP-2, 
MSP,  IL-lra,  CCR5,  CCR3, 11-11,  CCR4  and  CD3Z 
both  in  vivo  and  in  vitro  (29). 

Self-resolving  inflammation  is  a  necessary 
prerequisite  for  fibroblast  activation  and  net 
wound  matrix  synthesis.  Similarly,  protease 
activity  in  normal  wound  healing  must  be 
tightly  regulated  both  temporally  and  spatially 
(3,30).  A  severe  burn  injury  can  induce  marked 
wound  inflammation,  tissue  oedema,  exten¬ 
sive  necrosis,  hypoxia,  macrophage  hyperac¬ 
tivity  and  immune  cell  dysfunction  (5-7,10,26). 
In  addition  to  local  inflammation,  severe 
dermal  burns  through  the  systemic  liberation 
of  inflammatory  mediators  and  aberrant  neu¬ 
trophil  trafficking  are  known  to  induce  sys¬ 
temic  inflammatory  response  syndrome, 
which  is  associated  with  multisystem  organ 
dysfunction  and  high  mortality  (9,31).  The 
observed  global  suppression  of  proinflamma¬ 
tory  factors  in  the  severe  burn  wound  4  and 
24  hours  after  a  single  ESWT  treatment,  which 
was  coupled  with  impaired  neutrophil  and 
macrophage  migration,  in  this  experimental 
model  has  important  clinical  implications.  The 
chemokine-driven,  heightened  inflammatory 
nature  of  severe  full-thickness  burn  wounds 
and  the  favourable  healing  response  to  ESWT 
when  applied  to  such  a  wound  provide 
a  compelling  basis  for  the  therapeutic  effects 
of  ESWT  evident  clinically  in  a  variety  of 
difficult-to-heal  wounds  (13).  In  addition  to 
chemokine  overproduction,  the  suppression  of 
proinflammatory  cytokines  (IL-1 13,  IL-6  and 


Key  Points 

•  whether  this  aberrant  inflam¬ 
matory  milieu  governs  delayed 
wound  healing  or  is  simply  an 
indicator  of  errant  biology  re¬ 
mains  to  be  defined;  however, 
there  is  some  evidence  to 
suggest  a  bystander  effect  of 
elevated  chemokine  expression 
directly  impairing  wound  repair 
mechanisms 

•  ESWT  has  been  shown  to 
contribute  to  complete  wound 
healing  in  a  variety  of  chronic, 
large  and  difficult-to-heal 
wounds  including  burns,  ischae¬ 
mic,  stasis  and  pressure  ulcers, 
as  well  as  traumatic  and  post¬ 
operative  wounds 

•  in  addition,  ESWT  is  often  used 
at  higher  dose  intensities  to 
treat  fracture  non  unions,  which 
highlights  the  broad  spectrum 
of  biological  effects  of  an 
applied  physical  energy  pro¬ 
duced  by  this  technology 

•  the  results  reported  in  the 
present  study  are  the  first  to 
show  the  effects  of  ESWT  in 
altering  the  cellular  and  molec¬ 
ular  environment  involved  with 
proinflammatory  wound-healing 
processes 
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Key  Points 

•  these  findings  provide  a  clear 
rationale  for  investigations  such 
as  ours  using  a  severe  burn 
wound  model  to  evaluate  the 
effects  of  ESWT  on  early 
wound-healing  processes 

•  ESWT  is  a  promising  treatment 
modality  associated  with  clini¬ 
cal  wound  healing 

•  clinical  success  of  ESWT  in 
treating  severe  burn  and  diffi- 
cult-to-heal  wounds  coupled 
with  the  mechanistic  findings 
of  this  study  provide  the  bio¬ 
logical  basis  for  a  positive  ther¬ 
apeutic  effect 

•  the  temporal  relationships,  how¬ 
ever,  between  treatment  timing, 
optimal  shock  wave  dosage  and 
the  long-term  effects  of  shock 
waves  on  immune  and  repara¬ 
tive  cells  within  the  wound¬ 
healing  environment  highlight 
the  need  for  further  in  depth 
small  animal  mechanistic  studies 
followed  by  pre  clinical  large 
animal  studies  which  are  ongo¬ 
ing  and  in  development 


TNFa)  in  response  to  ESWT  observed  in  this 
study  is  highly  significant  given  that  over¬ 
expression  of  these  genes  has  been  associated 
with  impaired  wound  healing  in  human  non 
healing  wounds  and  in  diabetic  mouse  models 
(1,3,4/23).  Furthermore,  ESWT  treatment  was 
associated  with  downregulation  of  MMPs  and 
TIMP-1,  remodelling  enzymes  reported  to  be 
markedly  elevated  in  chronic  compared  with 
acute  wound  effluent  (22,32,33),  which  are  sur¬ 
rogate  markers  of  successful  wound  healing  (34). 

In  summary,  we  show  a  profound  effect  of 
ESWT  on  severe  burn  wound  chemokine- 
cytokine  expression  and  leukocyte  infiltration 
all  of  which  are  key  in  regulating  a  wide  variety 
of  phase-specific  wound-healing  mechanisms. 
Although  these  effects  have  been  shown  in  a 
severe  inflammatory  burn  wound-healing  model, 
clinical  evidence  suggests  that  chronic  inflamma¬ 
tory  events  in  the  wound-healing  cascade  set  the 
stage  for  the  development  of  prolonged  wound 
healing  and  chronicity.  Hence,  early  interven¬ 
tions  such  as  described  herein  maybe  beneficial. 
As  such,  ESWT  is  a  promising  treatment 
modality  associated  with  clinical  wound  heal¬ 
ing  (13).  Clinical  success  of  ESWT  in  treating 
severe  burn  and  difficult-to-heal  wounds  cou¬ 
pled  with  the  mechanistic  findings  of  this  study 
provide  the  biological  basis  for  a  positive 
therapeutic  effect.  The  temporal  relationships, 
however,  between  treatment  timing,  optimal 
shock  wave  dosage  and  the  long-term  effects  of 
shock  waves  on  immune  and  reparative  cells 
within  the  wound-healing  environment  high¬ 
light  the  need  for  further  in  depth  small  animal 
mechanistic  studies  followed  by  preclinical 
large  animal  studies  which  are  ongoing  and  in 
development. 
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